Abstract Purpose: Ventilationinduced arterial pressure variation predicts volume responsiveness in adults. Several factors are known to influence the interpretability of these variations. We analysed ventilationinduced variations in critically ill children with reference to ventilatory and circulatory parameters. Methods: We prospectively included 20 paediatric patients. Variation of systolic pressure (SPV), pulse pressure (PPV) and central venous pressure (CVP) were assessed during pressurecontrolled ventilation with inspiratory pressures (P insp ) of 20 and 28 cmH 2 O. Blood gases were analysed and echocardiography was performed. Results: SPV, PPV and CVP variation significantly increased with elevated P insp (p \ 0.001, p = 0.008 and p = 0.003). Baseline CVP and shortening fraction were significant negative predictors of PPV and SPV. Conclusion: This preliminary study identified P insp as a determinant of SPV, PPV and CVP variation in children. Further independent determinants of SPV and PPV were baseline CVP and ventricular performance, both of which must be considered when interpreting pressure variations.
Introduction
The phenomenon of pulsus paradoxus has been known for decades. Ventilation-induced variations have been intensively investigated in the past years to further understand their nature and useful interpretation [1] .
Three decades ago McGregor [2] explained the interaction between the heart and lungs by two mechanisms. One encompasses the changes in intra-thoracic pressure causing alterations in the pressure gradient between the heart cavities and the extra-thoracic blood vessels. The other follows the interdependence of cardiac ventricles, as the filling of one may compromise the compliance of the other. Thus, following the curvilinear Frank-Starling relationship between preload and stroke volume, the stroke volume will change in the course of one respiratory cycle.
In 1987 Perel [3] showed increased systolic pressure variation (SPV) in hypovolaemic ventilated dogs. Consecutively, the same phenomenon was found in mechanically ventilated patients. Ventilation-induced SPV or pulse pressure variation (PPV) was used to determine volume responsiveness, i.e. enhancement of cardiac output following volume loading, in different patient groups [4] [5] [6] .
Two studies looked at ventilation-induced variation predicting volume responsiveness in children. Tibby et al. [7] investigated central venous pressure (CVP) and Intensive Care Med (2011) 37:118-123 DOI 10.1007/s00134-010-2046 -7 transoesophageal Doppler measurements to predict stroke volume increase after volume expansion. Durand et al. [8] showed that stroke volume variations (SVV) but not PPV predicted volume responsiveness in children. In a paediatric animal model SVV but not PPV predicted volume responsiveness [9] .
To our knowledge no study has looked at modifying circulatory and ventilatory parameters of blood pressure variation in children yet. The aim of this study was to analyse ventilatory and circulatory determinants of ventilation-induced variation in arterial pressure and CVP in children.
Patients and methods
With the approval of the institutional ethics committee and the parental written informed consent, we recruited 20 critically ill children in a prospective interventional study. Children were intubated and ventilated without spontaneous respiratory activity. They were in sinus rhythm and already equipped with a radial arterial and central venous catheter and an open nasogastric tube. Central catheter position was radiologically confirmed to be in the superior vena cava. Bedside monitoring comprised continuous ECG, pulse oximetry, arterial and CVP curve (Solar 8000 M Modular Patient Monitor, GE Medical Systems, Freiburg, Germany). We excluded preterm babies and children with intracardial right-to-leftshunt, single ventricle, cardiac rhythm disorders, and inspiratory pressures (P insp ) of 24 cmH 2 O or higher.
The intervention included pressure-controlled ventilation (Evita 4, Dräger, Lübeck, Germany) at two different plateaus. For baseline measurements patients were ventilated with P insp of 20 cmH 2 O, positive end-expiratory pressure (PEEP) 5 cmH 2 O, respiratory frequency of 20/ min and inspiratory time of 0.6 s, which was followed by an increase of P insp to 28 cmH 2 O with all other ventilation parameters unchanged including inspiratory oxygen fraction and pharmacological support. After each 5 min of ventilation the arterial pressure and CVP curve were printed out over ten respiratory cycles. Ventilatory and circulatory parameters as measured by the ventilator and/ or displayed on the monitor were recorded. Central venous and arterial blood gases were analysed (ABL700, Radiometer, Copenhagen, Denmark). Within 3 h of the intervention the ejection fraction (EF) and the shortening fraction (SF) were determined by echocardiography.
Pressure variations were determined as follows. SPV is calculated as the difference between maximal and minimal systolic pressure (SP) in one respiratory cycle [10] :
The pulse pressure (PP) is the difference between the systolic and the diastolic pressure. PPV is calculated as the difference between maximal and minimal PP in one respiratory cycle [11] :
The CVP variation was calculated from maximal and minimal trough values after the a-wave in one respiratory cycle as described by Magder [12] . SPV, PPV and CVP variation were averaged over ten respiratory cycles. An example curve can be found in the ''Electronic supplementary material''. Paired Student's t tests, repeated-measure ANOVA and multiple linear regression analysis were used for statistical analysis (SPSS 13 for Mac OS X, SPSS Inc., Chicago, USA).
Results
Except for two patients, admitted after fronto-orbital advancement and for a cerebello-vascular malformation, we primarily recruited patients after cardiac surgery. Their age ranged from 2 months to 17 years (median 2 years 2 months). Mean weight was 10.95 kg (range 3.8-82 kg). All patients remained haemodynamically stable during the intervention. Two data sets were incomplete due to incorrect position of the arterial (no curve) or of the central venous catheter (in the axillary vein).
Measured patient data are presented in Table 1 . When P insp was elevated to 28 cmH 2 O, SPV, PPV and CVP variation increased significantly by 0.2% (p \ 0.001), 1.94% (p = 0.008) and 0.36 mmHg (p = 0.003), respectively.
Repeated-measure ANOVA confirmed this time effect of inspiratory pressure on pressure variation but could not identify tidal volume as a covariate. Nor did arterial pH and central venous oxygen saturation influence pressure variation.
With muliple regression we identified SF and baseline CVP as significant predictors of SPV and PPV independent of inspiratory pressure by using a forward stepwise approach including baseline CVP, baseline SP, dynamic lung compliance, and SF. Figure 1 shows statistical details.
Discussion
In this preliminary study we identified P insp as a major determinant of ventilation-induced SPV, PPV and CVP variation in children. These results are in accordance with studies in adult patients [5, 6, 11, [13] [14] [15] . Moreover, baseline CVP and SF inversely predicted SPV and PPV in this study. No other circulatory or ventilatory parameter could be identified as determinants of ventilation-induced arterial or venous pressure variation.
In adults several confounding factors in the interpretation of respiratory variation in the arterial pressure curve have been identified. In adults SVV and SPV are a function of the tidal volume [14, 16] . Equally, the respiratory systolic variation test described by Perel et al. [13, 17] , where the minimal SPs of consecutive respiratory cycles decrease with elevation of P insp as indication of volume responsiveness, shows that tidal volume influences SPV [13, 17] . In our study the higher the inspiratory pressure was, the more variation was induced. The amount of variation i.e. 8-10% in PPV was comparable, whereas for SPV it was lower than previous results in adults [14] and children [8] . Although tidal volumes were in the recommended range (about 8 ml/kg) [1] and also increased significantly with elevation of P insp , we could not identify tidal volume as a determinant of SPV or PPV. However, it is conceivable that the measurement of tidal volume, as provided by the ventilator, was not accurate enough to emerge as a determinant of SPV and PPV.
In heart failure or hypervolaemia, left ventricular stroke volume increases in early mechanical inspiration explaining parts of SPV [13] as increased intrathoracic pressure squeezes blood out of the lungs and reduces left ventricular afterload [1, 15] . PPV is not directly influenced by intrathoracic pressure [11] . However, in our study, lower SF as a measure of ventricular performance was associated with greater SPV and PPV. There was no interaction with the effect caused by elevating the inspiratory pressure (data not shown). This may lend support to what Perel et al. [13, 17] showed: With increasing P insp in sequential steps the decrease of the minimal SP correlates with volume responsiveness independently of the pre-operative left ventricular EF [13] . The confounding factor of ventricular performance could thus be avoided. It is conceivable that volume responsiveness can be determined despite various confounding parameters by analysing the increase of variation between two inspiratory pressures. For example in patients with heart failure requiring volume repletion the heart functions on the steeper end of an overall flatter Frank-Starling curve. Thus, the P insp -enhanced SPV and PPV may point to low volume status irrespective of the heart function as found in our subjects.
Hypovolaemia causes increased pressure variations in adults [4] [5] [6] . This is used for prediction of volume responsiveness in critically ill patients. In our study low CVP correlated with increased SPV and PPV. CVP has repeatedly been shown not to be a reliable indicator of volume status [18] , but rather a marker of the right ventricular function. If at all, the lower CVP in our study might indicate a steeper Frank-Starling curve in these patients. There was also ventilation-induced CVP variation. However, no other circulatory variables were associated with CVP variation, which is in accordance with adult data [13, 19] .
Little is known about the confounding factors of pressure variations in children. It is conceivable that other factors than in adults play a role. In contrast to adult data Durand et al. [8] did not find PPV and SPV to predict volume responsiveness in children, findings they attributed to the low tidal volume used in their study. Renner et al. [9] showed that SVV predicted volume responsiveness at tidal volumes of 10 ml/kg. However, PPV, although correlating with stroke volume index, did not accurately predict volume responsiveness. Other variables, which we did not assess in this study, may influence SPV and PPV. Elevated intra-abdominal pressure augments SPV [20] but reduces the interpretability of SVV and PPV with respect to volume responsiveness [21] in animals. It probably modifies venous return and chest wall compliance. Chest wall compliance as an independent confounder of blood pressure variation varies with age and is higher in small children than adults [22] . Respiratory rate also influences PPV in adults. Respiratory rates above 30/min, which are commonly found in ventilated neonates and infants, can dampen PPV [23] . Moreover, arterial compliance, which changes with age, is one of the major determinants of PP [24] . Another influential factor may be partial pressure of CO 2 by changing pulmonary and systemic vascular resistance through pH changes.
Several limitations of our study have to be taken into account. In this preliminary study we only included 20 children. This number may be too low to identify confounding parameters, especially with the wide range of ages and body weights in this study. In adults several functional parameters like SVV, PPV and SPV have been investigated. PPV and the distinct SPV component Ddown have been shown to be most accurate in predicting volume responsiveness [13] . However, an end-expiratory ventilation pause of about 10 s is necessary to determine the reference SP for Ddown. This was not part of the intervention. Furthermore, EF and SF, the parameters which we used as surrogates for heart function in this study, are influenced by loading conditions and thus cannot be equated with myocardial contractility. Therefore, the influence of the SF on arterial pressure variation is not easily interpretable. Finally, we did not include a volume loading intervention, which is indispensable for any conclusion on fluid responsiveness in children.
In summary, we have shown that P insp interacts with SPV, PPV and CVP variation in children. CVP and SF are also determinants of SPV and PPV. These factors may all affect pressure variations as observed on the monitor and should therefore be taken into account by paediatric clinicians interpreting SPV and PPV in mechanically ventilated children. Further studies will have to elucidate other factors that influence pressure variation in children, and identify child-specific thresholds for interpretation of pressure variation especially with respect to volume responsiveness.
